Introduction
============

Gastric cancer, the most common cancer throughout the world, is the second leading cause of cancer-related mortality worldwide.[@b1-ott-11-8465] The risk factors for stomach cancer include older age, *Helicobacter pylori* infection, smoking, gastroesophageal reflux disease, low consumption of fresh fruits and vegetables, and high intake of salty and smoked foods.[@b2-ott-11-8465] Although there is a rapid advance in the diagnosis and treatment of gastric cancer, the molecular pathogenesis of gastric cancer has not been adequately investigated.

Mammalian sterile 20-like kinase 1 (Mst1) is a kind of mitogen-activated protein kinase-related kinase that plays a key role in regulating cell apoptosis and survival.[@b3-ott-11-8465],[@b4-ott-11-8465] In response to the activation of the caspase family, Mst1 is stimulated and contributes to the phosphorylation of histone, which promotes the DNA breakage that evokes cellular death via apoptosis.[@b5-ott-11-8465] Ample evidence is available to establish the crucial role played by Mst1 in regulating tissue size and limiting cancer development. For example, higher expression of Mst1 is associated with a decrease in the proliferation of pancreatic cancer cells.[@b6-ott-11-8465] Moreover, Mst1 has been identified as a potential early detection biomarker for the development of colorectal cancer.[@b7-ott-11-8465] Increased Mst1 promotes glioma via modifying the TGFβ pathway.[@b8-ott-11-8465] Overexpression of Mst1 augments liver cancer death through regulating the Wnt/β-catenin pathway.[@b9-ott-11-8465] Notably, the expression of Mst1 is significantly downregulated in patients with gastric cancer.[@b10-ott-11-8465] However, no study has examined the functional influence of Mst1 in gastric cancer cell viability.

It is currently clear that mitochondria are significant for oncogenesis. Mitochondria participate in tumor bioenergetics, control the cellular redox balance, regulate cancer invasion by modulating cellular calcium homeostasis, and mediate cell death via apoptosis or necrosis.[@b11-ott-11-8465]--[@b13-ott-11-8465] Accumulating evidence confirms the necessary role of mitochondria in tumor development, progress and response to therapy. Interest in the role of mitochondrial fission in cancer originated with the demonstration that mitochondrial fission plays a decisive step in regulating mitochondrial integrity and cancer viability via multiple effects.[@b14-ott-11-8465] For example, mitochondrial fission induces excessive production of ROS, shaping cellular oxidative stress.[@b15-ott-11-8465],[@b16-ott-11-8465] Moreover, mitochondrial ATP production is also handled by mitochondrial fission.[@b17-ott-11-8465] Uncontrolled mitochondrial fission directly activates the caspase-9-related cell apoptotic pathway. Considering the link between Mst1 and mitochondrial apoptosis, we question whether Mst1 modulates gastric cancer death via coping with mitochondrial fission.

Previous studies have reported that mitochondrial fission is primarily regulated by two pathways: the AMPK axis[@b18-ott-11-8465] and the MAPK-JNK cascade.[@b19-ott-11-8465] In diabetic cardiomyopathy and energy shortage, AMPK is inactivated and promotes mitochondrial fission, modifying bioenergetic metabolism and cell death.[@b20-ott-11-8465] Acute stress can initiate mitochondrial fission via the JNK pathway with activating phosphorylation of mitochondrial fission-related factors.[@b21-ott-11-8465] In the present study, we explore the role of the AMPK axis in Mst1-mediated mitochondrial fission in gastric cancer. As the downstream effector of AMPK, Sirt3 has been found to exert an inhibitory effect on cancer growth and metastasis by controlling mitochondrial homeostasis.[@b22-ott-11-8465] Elevated Sirt3 blocks mitochondrial fission in cerebral ischemia--reperfusion via suppressing the Wnt/β-catenin pathway.[@b23-ott-11-8465] In contrast, Sirt3 deficiency exacerbates p53-related mitochondrial dysfunction in aged hearts.[@b24-ott-11-8465] However, whether Mst1 has a role in regulating mitochondrial fission via the AMPK-Sirt3 pathway is not clear. Collectively, the aim of our study is to explore the action and mechanism of Mst1 in gastric cancer cell viability, with a focus on mitochondrial fission and its regulatory signal, the AMPK-Sirt3 pathway.

Materials and methods
=====================

Cell lines and culture
----------------------

The AGS gastric cancer cell line (AGS cells, ATCC^®^ CRL-1739™) was purchased from the American Type Culture Collection. The GES-1 normal gastric mucosal cell line (GES-1 cells) was obtained from the Cell Bank of the Chinese Academy of Sciences. These cells were cultured in L-DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified atmosphere with 5% of CO~2~. To perform the loss- and gain-of-function assays for mitochondrial fission, Mdivi-1 (10 mM; Merck KGaA, Darmstadt, Germany) and FCCP (5 µm, Selleck Chemicals, Houston, TX, USA) were pre-incubated with cells for 2 hours. To activate and inhibit the AMPK pathway, AICAR (AI; Merck KGaA, Cat Number 2627-69-2) and Compound C (Selleck Chemicals) were administered into the cell medium for 2 hours.

MTT assay for cellular viability and mitochondrial permeability transition pore (mPTP) opening rate detection
-------------------------------------------------------------------------------------------------------------

The cell viability was determined by MTT assays (Merck KGaA). Briefly, cells were seeded onto 96-well plates, and then 20 µL of MTT at a concentration of 5 mg/mL was added to the medium. The plates were placed for 4 hours in the dark at 37°C and 5% CO~2~. After that, the medium was removed and 100 µL dimethyl sulfoxide (DMSO) was added into the medium for 15 minutes in the dark at 37°C and 5% CO~2~. Then, the samples were observed at a wavelength of 570 nm. The relative cell viability was recorded as a ratio to that of the control group.[@b25-ott-11-8465]

To measure the mPTP opening, cells were loaded with PBS containing 25 nM tetramethylrhodamine methyl ester (TMRM; Thermo Fisher Scientific, Waltham, MA, USA, T668). After 30 minutes, cells were washed with PBS again to remove the free TMRM. Then, samples were observed at a wavelength of 480 nm using a microplate reader (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA). Cells treated with PBS were used as the control group for MTT assay and TUNEL staining.[@b26-ott-11-8465]

Cellular ATP quantification and mitochondrial membrane potential staining
-------------------------------------------------------------------------

Cellular ATP was determined using the Enhanced ATP Assay Kit (Beyotime, Shanghai, China, Cat. No: S0027). Briefly, cells were lysed using RIPA Lysis Buffer (Beyotime, Cat. No: P0013E), and then, the protein concentration was assessed using the Enhanced BCA Protein Assay Kit (Beyotime, Cat. No: P0009). ATP was detected according to the manufacturer's protocol.[@b27-ott-11-8465] Mitochondrial membrane potential was stained using the Mitochondrial Membrane Potential Assay Kit with 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetr aethylbenzimidazolylcarbocyanine iodide (JC-1) (Beyotime, Cat. No: C2006). Cells were seeded in a 24-well plate at a density of 1×10^4^ cells per well. Then, 10 µL of JC-1 solution was added into the medium for 30 minutes under 5% CO~2~ at 37°C. After that, PBS was used to wash the cells to remove the free JC-1 probe. The mitochondrial membrane potential was observed under a laser confocal microscope (TcS SP5; Leica Microsystems, Inc., Buffalo Grove, IL, USA). The relative fluorescence intensity was estimated. The alteration of mitochondrial membrane potential was presented as a ratio of red-to-green fluorescence.

Cell death detection and EdU assay
----------------------------------

Cell death was determined via the lactate dehydrogenase (LDH) release assay, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, and caspase protein activity assay. The TUNEL experiment was carried out to stain apoptotic cells. Briefly, cells were fixed with 4% paraformaldehyde in PBS at room temperature for 30 minutes and then permeabilized with 0.2% Triton X-100 for 30 minutes at room temperature. Subsequently, the samples were incubated with TUNEL solution at 37°C for 1 h. After being washed with PBS, the samples were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The laser confocal microscope (TcS SP5; Leica Microsystems, Inc.) was used to observe the apoptotic cells, and the percentage of TUNEL-positive cells was measured by counting at least 200 cells from random fields of view. LDH release was determined using the LDH Cytotoxicity Assay Kit (Beyotime, Cat. No: C0016) according to the manufacturer's protocol.[@b28-ott-11-8465] Caspase-3 and caspase-9 activities were analyzed using the following commercial kits: Caspase-3 Activity Assay Kit (Beyotime, Cat. No: C1115) and Caspase-9 Activity Assay Kit (Beyotime, Cat. No: C1158) according to the manufacturer's instructions.

EdU staining was conducted using the BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 594 (Beyotime, Cat. No: C00788L). Cells were washed with PBS. Fresh DMEM was added, and then, 10 µM EdU was added into the medium. The cells were incubated for 2 hours at 37°C/5% CO~2~. After the incubation, the cells were washed with PBS to remove the DMEM and the free EdU probe. The cells were then fixed in 4% paraformaldehyde at room temperature for 30 minutes before being stained with DAPI for 3 minutes. After an additional wash in PBS, the cells were observed under an inverted microscope.[@b29-ott-11-8465]

Western blotting
----------------

Total proteins were extracted using RIPA Lysis Buffer (Beyotime, Cat. No: P0013E). After that, proteins were rapidly centrifuged (20,000 rpm) for 10 min at 4°C to pellet cell debris. Supernatant was collected and quantified using an Enhanced BCA Protein Assay Kit (Beyotime, Cat. No: P0009). Then, proteins (45--60 µg) were loaded in a 10%--15% SDS--PAGE gel and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Subsequently, membranes were blocked with 5% skim milk for 45 minutes at room temperature. After washing with tris-buffered saline and polysorbate 20 (TBST) three times at room temperature, the membranes were incubated with the primary antibodies at 4°C overnight. The primary antibodies used in the present study are described below: caspase-9 (1:1,000, Cell Signaling Technology, Inc., Dan-vers, MA, USA, \#9504), pro-caspase-3 (1:1,000, Abcam, Cambridge, UK, \#ab13847), cleaved caspase-3 (1:1,000, Abcam, \#ab49822), c-IAP (1:1,000, Cell Signaling Technology, Inc., \#4952), Bad (1:1,000, Abcam, \#ab90435), cyt-c (1:1,000, Abcam, \#ab90529), Drp1 (1:1,000, Abcam, \#ab56788), Fis1 (1:1,000, Abcam, \#ab71498), Parkin (1:1,000, Cell Signaling Technology, Inc.), Opa1 (1:1,000, Abcam, \#ab42364), Mfn2 (1:1,000, Abcam, \#ab56889), Mff (1:1,000, Cell Signaling Technology, Inc., \#86668), AMPK (1:1,000, Abcam, \#ab131512), p-AMPK (1:1,000, Abcam, \#ab23875), Mst1 (1:1,000, Cell Signaling Technology, Inc., \#3682), Sirt3 (1:1,000, Abcam, \#ab86671), complex III subunit core (CIII-core2, 1:1,000, Invitrogen, Carlsbad, CA, USA, \#459220), complex II (CII-30, 1:1,000, Abcam, \#ab110410), complex IV subunit II (CIV-II, 1:1,000, Abcam, \#ab110268). After being washed with TBST three times, the membranes were further incubated with the anti-mouse or anti-rabbit secondary antibody for 45 minutes at room temperature. The proteins were visualized using Pierce enhanced chemiluminescence Western blotting substrate (Pierce; Thermo Fisher Scientific).[@b30-ott-11-8465] Mean densities of the bands were evaluated and normalized to that of β-actin (Quantity One, version 4.6.2; Bio-Rad Laboratories, Inc.).

Measurement of cellular redox balance
-------------------------------------

Cellular reactive oxygen species (ROS) generation was quantified using flow cytometry. Cells were seeded onto the 12-well plates. After washing with PBS, dihydroethidium (DHE) staining was added into the medium and the cells were incubated with the DHE probe for 30 minutes in the dark at 37°C and 5% CO~2~. Then, PBS was used to wash cells to remove the free DHE probe. Subsequently, 0.25% trypsin was applied to collect the cell. Flow cytometry analysis was performed using the FACSCanto II cytometer (BD FACS-Canto II; BD Biosciences, San Jose, CA, USA). Analysis of the data was performed using FACSDiva software (BD Biosciences). The ROS production was also observed using a laser confocal microscope (TcS SP5; Leica Microsystems, Inc.). The concentration of cellular antioxidant factors such as glutathione (GSH; Glutathione Reductase Assay Kit; Beyotime, Cat. No S0055), superoxide dismutase (SOD; Total Superoxide Dismutase Assay Kit; Beyotime, Cat. No S0101), and glutathione peroxidase (GPX; Cellular Glutathione Peroxidase Assay Kit; Beyotime, Cat. No S0056) were measured via ELISA according to the manufacturer's guidelines.[@b31-ott-11-8465]

Immunofluorescence and mitochondrial fission detection
------------------------------------------------------

Cells were seeded onto poly-[d]{.smallcaps}-lysine coated coverslips.[@b32-ott-11-8465] Then, methanol-free 4% paraformaldehyde was used to fix cells for 15 minutes at room temperature. Subsequently, samples were blocked with 5% goat serum at room temperature for 45 minutes. After washing with TBST, samples were incubated with primary antibody at 4°C overnight. The primary antibodies used in the present study were as follows: p-AMPK (1:1,000, Abcam, \#ab23875), Sirt3 (1:1,000, Abcam, no ab86671) and Mst1 (1:1,000, Cell Signaling Technology, Inc., \#3682). Mitochondrial fission was quantified via measuring the length of mitochondria according to the previous studies. At least 200 cells with tubular, fragmented, intermediate mitochondria were observed, and then, the average length of mitochondria was recorded. Fluorescence intensity was calculated using Image-Pro Plus 6.0 software. First, fluorescence pictures (red and green fluorescence) were converted to the grayscale pictures with the help of Image-Pro Plus 6.0 software. Then, red/green fluorescence intensities were separately recorded as the grayscale intensity. Subsequently, relative grayscale intensity was expressed as a ratio to that of control group.

Transfection
------------

Adenovirus-Mst1 was transfected into cells to perform the gain-of-function assay. The pCMV6-Kan/Neo Mst1 plasmids (1,247 bp; forward, 5′-CATGGTTAGTCTTGCATTGTGC-3′ and reverse, 5′-GGTAGGTCTCCATTATCTTCCA-3′) were obtained from OriGene Technologies, Inc. Then, 3.0 µg of the above plasmids were transfected into 293 T cells (2×10^4^ cells/well, National Infrastructure of Cell Line Resource) in DMEM with 10% FBS using Lipofectamine^®^ 2000 (Invitrogen). After 48 hours, the supernatant was collected to obtain the Mst1 adenovirus (Ad-Mst1), which was transfected into AGS cells in Opti-MEM media supplemented with Lipofectamine^®^ 2000 according to the manufacturer's protocol.[@b33-ott-11-8465] Transfection was carried out for 48 hours under 5% CO~2~ at 37°C. Then, Western blotting was performed to verify the transfection efficiency. Null adenovirus (Ad-ctrl) transfection was used as the negative control group.

RNA isolation and qPCR
----------------------

Total RNA was extracted using the Trizol reagent (Invitrogen). Then, cDNA was transcribed with a One-step RT--PCR kit (TransGen Biotech Co., Ltd., Beijing, China) according to the manufacturer's instructions.[@b24-ott-11-8465] qPCR was performed using the SYBR green PCR system on a 7500 fast (Applied Biosystem). The mRNA levels were normalized to the levels of GAPDH using the 2^−ΔΔCT^ methods.[@b34-ott-11-8465] The primer sequences used in the present study were as follows: Mst1, forward 5′-GCTGAGGAGCATGACAGACA-3′ and reverse 5′-GATGAAGGCCAGGATGAGAA-3′. The cycling conditions were as follows: 95°C for 8 minutes, 350 cycles of 95°C for 15 seconds, and 72°C for 35 seconds.

Data analysis
-------------

All results presented in this study were acquired from at least three independent experiments unless indicated specifically. Data are presented as the mean ± SEM. All statistical analyses were performed by one-way ANOVA followed by Dunnett's test or Tukey's test for comparing variable groups using GraphPad Prism 5 software. *P*\<0.05 was considered statistically significant.

Results
=======

Overexpression of Mst1 reduces gastric cancer cell viability
------------------------------------------------------------

Initially, qPCR was performed to analyze the expression of Mst1 in gastric cancer cells. As shown in [Figure 1A](#f1-ott-11-8465){ref-type="fig"}, compared to the normal gastric mucosal cell line (GES-1 cells), the transcription of Mst1 was significantly downregulated in the gastric cancer cell line (AGS cells). This finding was validated by Western blotting, which demonstrated that lower levels of Mst1 were identified in AGS cells when compared with those in GES-1 cells ([Figure 1B and C](#f1-ott-11-8465){ref-type="fig"}). This information indicates that Mst1 is downregulated in gastric cancer cells. Subsequently, Ad-Mst1 was transfected into AGS cells to overexpress Mst1. The transfection efficiency was verified via Western blotting which showed that transfection of Ad-Mst1 drastically increased the levels of Mst1 in AGS cells when compared with the control group ([Figure 1D and E](#f1-ott-11-8465){ref-type="fig"}). To observe the phenotypic alteration in response to Mst1 overexpression, MTT assay was conducted to measure cellular viability. Compared to the control group, Ad-Mst1 transfection significantly reduced cellular viability ([Figure 1F](#f1-ott-11-8465){ref-type="fig"}). Moreover, the decreased cell viability may be attributed to increased cell death because the LDH release assay showed that Ad-Mst1 transfection promoted LDH release into the medium of AGS cells ([Figure 1G](#f1-ott-11-8465){ref-type="fig"}). Similarly, caspase-3 expression was also elevated in response to Ad-Mst1 ([Figure 1H and I](#f1-ott-11-8465){ref-type="fig"}), confirming that Mst1 overexpression promoted gastric cancer death. In addition, we found that Mst1 overexpression statistically reduced the number of EdU-positive cells ([Figure 1J and K](#f1-ott-11-8465){ref-type="fig"}), suggesting a Mst1-mediated cell proliferation arrest. Together, our data demonstrate that gastric cancer cells lack Mst1, and overexpression of Mst1 reduces tumor cell viability by promoting cell death.

Mst1 mediates mitochondrial damage
----------------------------------

Mitochondria have been acknowledged as the potential target to control cell viability.[@b35-ott-11-8465] Accordingly, we measured mitochondrial function with Mst1 overexpression. First, the total ATP production in the cell was monitored via ELISA. The results in [Figure 2A](#f2-ott-11-8465){ref-type="fig"} demonstrated that the concentration of cell ATP was repressed in Mst1-overexpressed cells. Notably, the cellular ATP production is primarily regulated by mitochondria via the mitochondrial respiratory complex. Interestingly, Ad-Mst1 transfection led to a sharp decline in the levels of mitochondria respiratory complex ([Figure 2B--E](#f2-ott-11-8465){ref-type="fig"}). ATP chemical energy mainly results from the mitochondrial membrane potential. Compared to the control group, Mst1 overexpression significantly reduced the mitochondrial membrane potential ([Figure 2F--G](#f2-ott-11-8465){ref-type="fig"}), as evidenced by decreased red-to-green fluorescence intensity.

As a consequence of mitochondrial membrane potential reduction, excessive electron diffusion into the cytoplasm would occur, contributing to the formation of ROS.[@b36-ott-11-8465] The flow cytometry analysis of cellular ROS confirmed that Mst1 overexpression increased the content of ROS when compared with the control group ([Figure 2H and I](#f2-ott-11-8465){ref-type="fig"}). In response to the ROS overproduction, the concentration of cellular antioxidants such as SOD, GSH and GPX was statistically downregulated in Mst1-overexpressed cells ([Figure 2J--L](#f2-ott-11-8465){ref-type="fig"}), suggesting that Mst1 overexpression induced cancer oxidative stress. Altogether, these results demonstrated that activation of Mst1 resulted in mitochondrial malfunction in gastric cancer cells.

Mst1 activates caspase-9-related mitochondrial apoptosis
--------------------------------------------------------

Previous studies have reported that excessive mitochondrial damage would activate the mitochondria-dependent apoptotic pathway.[@b37-ott-11-8465] The following experiments were performed to evaluate the contribution of Mst1 overexpression to mitochondrial apoptosis. First, Western blotting was performed to observe the apoptotic proteins related to mitochondrial death. Compared to the control group, the expression of Bad and caspase-3 were significantly upregulated in response to Mst1 overexpression ([Figure 3A--F](#f3-ott-11-8465){ref-type="fig"}). In contrast, the expression of Bcl-2 and c-IAP was drastically downregulated in Mst1-overexpressed cells ([Figure 3A--F](#f3-ott-11-8465){ref-type="fig"}). Mitochondrial apoptosis is characterized by caspase-9 activation. Interestingly, Mst1 overexpression elevated the expression ([Figure 3A and C](#f3-ott-11-8465){ref-type="fig"}) and activity ([Figure 3G](#f3-ott-11-8465){ref-type="fig"}) of caspase-9 in AGS cells, highlighting the critical role of Mst1 in initiating the caspase-9 mitochondria apoptotic pathway.

To determine how Mst1 overexpression activated caspase-9 mitochondrial apoptosis, we focused on cyt-c translocation. Under physical conditions, cyt-c is located in the mitochondria where cyt-c promotes electron transfer. Once liberated into the cytoplasm, cyt-c interacts with and activates caspase-9, launching mitochondrial apoptosis.[@b26-ott-11-8465] Based on this, immunofluorescence was performed to analyze the sub-cellular location of cyt-c. Compared to the control group, Mst1 overexpression induced cyt-c translocation into the cytoplasm and nucleus ([Figure 3H and I](#f3-ott-11-8465){ref-type="fig"}). Notably, cyt-c translocation from mitochondria into cytoplasm was regulated by the opening of the mPTP. Compared to the control group, Ad-Mst1 transfection elevated the ratio of mPTP opening ([Figure 3J](#f3-ott-11-8465){ref-type="fig"}). In summary, Mst1 overexpression promoted mPTP opening, facilitated cyt-c liberation, increased the levels of pro-apoptotic proteins, and activated the caspase-9-related mitochondrial apoptosis signaling pathway.

Increased Mst1 is associated with elevated mitochondrial fission
----------------------------------------------------------------

The following experiments were carried out to explore the mechanism by which Mst1 promoted mitochondrial apoptosis. Previous studies identify mitochondrial fission as the upstream regulator of mitochondrial function.[@b21-ott-11-8465] We investigated whether mitochondrial fission is required for Mst1-initiated mitochondrial apoptosis. First, immunofluorescence of mitochondria was conducted using the mitochondrial-specific antibody Tom-20. As shown in [Figure 4A](#f4-ott-11-8465){ref-type="fig"}, elongated mitochondria were seen in control cells. Interestingly, Ad-Mst1 transfection promoted mitochondria division into several fragments. Moreover, we measured the average length of the mitochondria to quantify mitochondrial fission. The mitochondrial length was \~8.9 µm in control cells and was reduced to 2.3 µm in Mst1-overexpressed cells ([Figure 4B](#f4-ott-11-8465){ref-type="fig"}). These results illustrated that mitochondrial fission was activated by Mst1 overexpression. Mitochondrial fission-related proteins were further examined via Western blotting. Compared to the control group, Mst1 overexpression increased the expression of Drp1, Mff and Fis1 ([Figure 4C--I](#f4-ott-11-8465){ref-type="fig"}), the executors of mitochondrial fission. Notably, the content of mitochondrial fission inhibitors such as Mfn2, Opa1 and Parkin were significantly downregulated in Mst1-overexpressed cells when compared with the control cells ([Figure 4C--I](#f4-ott-11-8465){ref-type="fig"}). This information confirmed the supportive effects of Mst1 in mitochondrial fission.

Mitochondrial fission is required for Mst1-mediated cell death via mitochondrial apoptosis
------------------------------------------------------------------------------------------

To determine whether mitochondrial fission is necessary for Mst1-mediated cell death, loss- and gain-of-function assays for mitochondrial fission were performed. Mdivi-1, an antagonist of mitochondrial fission was supplemented into Mst1-overexpressed cells to inhibit mitochondrial fission. In contrast, FCCP, an agonist was added into control cells to activate mitochondrial fission, which was then considered as the positive control group. Then, cell apoptosis was evaluated via TUNEL assay. Compared to the control group, Mst1 overexpression significantly increased the number of TUNEL-positive cells, and this effect was negated by Mdivi-1 ([Figure 5A and B](#f5-ott-11-8465){ref-type="fig"}), suggesting that inhibition of mitochondrial fission abrogated the proapoptotic effects of Mst1 overexpression on gastric cancer cells. Moreover, the caspase-9 activity was drastically increased in response to Mst1 overexpression ([Figure 5C](#f5-ott-11-8465){ref-type="fig"}); this effect, which was nullified by Mdivi-1 administration ([Figure 5C](#f5-ott-11-8465){ref-type="fig"}), confirms that Mst1-initiated cell death is dependent on mitochondrial fission.

Regarding mitochondrial dysfunction, ROS production and cyt-c translocation were assessed again. As shown in [Figure 5D and E](#f5-ott-11-8465){ref-type="fig"}, compared to the control group, ROS production was significantly augmented by Mst1 overexpression or FCCP treatment. By comparison, Mdivi-1 administration repressed ROS production in Mst1-overexpressed cells ([Figure 5D and E](#f5-ott-11-8465){ref-type="fig"}). Similarly, Mst1 promoted cyt-c translocation into the cytoplasm ([Figure 5F and G](#f5-ott-11-8465){ref-type="fig"}), and this effect was mostly reversed by Mdivi-1. Altogether, the above data indicated that Mst1 regulated mitochondrial function and gastric cancer cell death via mitochondrial fission.

Mst1 regulates mitochondrial fission via the AMPK-Sirt3 pathway
---------------------------------------------------------------

Finally, we investigated the molecular mechanism by which Mst1 modulated mitochondrial fission in gastric cancer cells. According to previous reports, mitochondrial fission is primarily regulated by two signaling pathways. The AMPK pathway is the upstream inhibitory mechanism for mitochondrial fission,[@b38-ott-11-8465] and the MAPK-JNK cascade is the initial signal for mitochondrial fission.[@b21-ott-11-8465] Moreover, as the downstream mediator of the AMPK pathway, Sirt3 has been known as the defender of mitochondrial homeostasis.[@b21-ott-11-8465] Higher Sirt3 expression suppresses excessive mitochondrial fission. In the present study, we explored the role of the AMPK-Sirt3 pathway in Mst1-activated mitochondrial fission. Western blotting assays demonstrated that abundant p-AMPK was seen in the control cells ([Figure 6A and B](#f6-ott-11-8465){ref-type="fig"}). However, Mst1 overexpression significantly repressed the expression of p-AMPK in gastric cancer cells ([Figure 6A and B](#f6-ott-11-8465){ref-type="fig"}), indicative of AMPK inactivation with Mst1 overexpression. Moreover, Sirt3 expression was also downregulated in response to Ad-Mst1 transfection ([Figure 6A--C](#f6-ott-11-8465){ref-type="fig"}), supporting the inhibitory effects of Mst1 on Sirt3 expression. This finding was validated via immunofluorescence ([Figure 6D--F](#f6-ott-11-8465){ref-type="fig"}). The fluorescence intensity of p-AMPK and Sirt3 were both largely repressed by Mst1 overexpression ([Figure 6D--F](#f6-ott-11-8465){ref-type="fig"}). To verify the functional role of the AMPK-Sirt3 pathway in Mst1-initiated mitochondrial fission, loss- and gain-of-function assays for the AMPK pathway were performed. AI, the activator of the AMPK pathway was added into Mst1-overexpressed cells to re-activate the AMPK-Sirt3 pathway. In contrast, Compound C, the blocker of the AMPK pathway was administered into control cells to mimic the role of Mst1 overexpression. Then, mitochondrial fission was measured via immunofluorescence. As illustrated in [Figure 6G and H](#f6-ott-11-8465){ref-type="fig"}, Mst1 overexpression promoted the formation of mitochondrial fragments, which exhibited shorter length, and this effect was negated by AI. Collectively, these data confirmed that Mst1 modulated mitochondrial fission and gastric cancer cell death via the AMPK-Sirt3 pathway.

Discussion
==========

In the present study, we identified Mst1 as a novel tumor-suppressive factor promoting cell death in gastric cancer. Our data suggested that Mst1 was downregulated in gastric cancer cells when compared with normal gastric mucosal cells. Interestingly, overexpression of Mst1 in gastric cancer cells reduced cellular viability by promoting cell apoptosis. Functional studies demonstrated that Mst1 overexpression induced mitochondrial damage by dissipating mitochondrial membrane potential, increasing ROS production, and decreasing antioxidants. In addition, damaged mitochondria in response to Mst1 overexpression also liberated cyt-c into the cytoplasm and nucleus to activate caspase-9, which amplified mitochondria-dependent apoptotic signaling in gastric cancer cells. These results uncovered the proapoptotic action of Mst1 on cancer cells. In accordance with our findings, previous studies have also reported the fatal effects of Mst1 in several kinds of cells. In cardiac post-infarction injury, Mst1 activation is associated with increased cardiomyocytes death, which contributes to heart remodeling.[@b39-ott-11-8465] Moreover, Mst1 expression is coupled with liver cell death by inducing mitochondrial malfunction.[@b40-ott-11-8465] In cancer cells, Mst1 regulates cell death in colorectal cancer,[@b41-ott-11-8465] pancreatic cancer,[@b42-ott-11-8465] hepatocellular carcinoma,[@b43-ott-11-8465] breast cancer,[@b3-ott-11-8465] esophageal cancer,[@b44-ott-11-8465] and myeloid leukemia.[@b45-ott-11-8465] Notably, our study is the first investigation to establish the lethal effect of Mst1 in gastric cancer cells. Our findings, combined with previous reports, confirm the central role of Mst1 activation that leads to apoptosis in various kinds of tumors. The increase of Mst1 expression could be of utmost importance when designing anti-cancer therapies in the clinical setting. Notably, the role of Mst1 in the normal tissue should be evaluated in the future.

At the molecular level, our data suggest that Mst1 activation regulates mitochondrial homeostasis via mitochondrial fission. Inhibition of mitochondrial fission preserved mitochondrial integrity and blocked the activation of mitochondrial apoptosis.[@b21-ott-11-8465] In fact, mitochondrial fission has been identified to be an early event in mitochondrial damage. Two mechanisms involved in how mitochondrial fission induces mitochondrial damage and cell apoptosis stress have been reported; one is driven by ATP shortage, and the other involves caspase-9 activation. Mechanistically, mitochondrial fission produces non-functional mitochondrial debris, which cannot perform oxidative phosphorylation, leading to ATP depletion.[@b12-ott-11-8465] In addition, non-functional mitochondrial fragments with increased mitochondrial membrane permeability irreversibly promote cyt-c translocation into the cytoplasm and nucleus where cyt-c activates caspase-9 and initiates the mitochondrial apoptosis program.[@b46-ott-11-8465] These molecular mechanisms have been noted in different disease models such as myocardial ischemia--reperfusion injury,[@b21-ott-11-8465] chronic fatty liver disease,[@b22-ott-11-8465] endothelial oxidative stress,[@b47-ott-11-8465] and neurodegeneration.[@b48-ott-11-8465] In the present study, gastric cancer cell death was largely regulated by mitochondrial fission via Mst1, which provides a potential target to treat the development and progression of stomach tumors.

Finally, we explored the detailed mechanism involved in how Mst1 managed mitochondrial fission. We found that Mst1 activation repressed the AMPK-Sirt3 pathway and reactivation of the AMPK pathway abrogated the promoting effect of Mst1 on mitochondrial fission. On the basis of the previous studies, two signaling pathways have been recognized as the primary upstream regulators for mitochondrial fission. One is the AMPK pathway, and the other is the MAPK-JNK axis; the former is the inhibitory signal for mitochondrial fission,[@b38-ott-11-8465] whereas the latter plays a decisive role in activating mitochondrial fission.[@b49-ott-11-8465] In the self-renewal of human acute myeloid leukemia,[@b50-ott-11-8465] the AMPK pathway represses mitochondrial fission and consequently maintains stem cell properties. Similarly, in a model of mouse diabetes, the AMPK pathway promotes the survival of tubular epithelium by correcting excessive mitochondrial fission.[@b51-ott-11-8465] With respect to the MAPK-JNK pathway, in-depth studies have uncovered the cross-talk between the MAPK-JNK axis and mitochondrial fission in models of liver cancer metastasis, post-infarction cardiac injury,[@b52-ott-11-8465] endometriosis, rectal cancer,[@b12-ott-11-8465] and microvascular ischemia--reperfusion insult.[@b21-ott-11-8465] In the present study, we found that Mst1 overexpression inactivated the AMPK-Sirt3 pathway, which was accompanied by an increase in mitochondrial fission. These results help us understand the mechanism by which Mst1 regulates mitochondrial fission. Whether Mst1 performs mitochondrial fission via the MAPK-JNK pathway is not entirely understood, and further research is required.

Altogether, our results identified Mst1 as a new tumor-suppressive factor reducing gastric cancer survival. Increased Mst1 repressed the AMPK-Sirt3 pathway and enhanced fatal mitochondrial fission. Excessive mitochondrial division caused mitochondrial dysfunction and cell apoptosis. These findings highlight the role of mitochondrial fission as a master regulator of cancer cell viability. However, our data offer a new target for treating gastric cancer by regulating the AMPK-Sirt3 pathway.
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![Mst1 regulates gastric cancer cell viability.\
**Notes:** (**A**) qPCR assay for Mst1 transcription in GES-1 and AGS cells. (**B**, **C**) Western blotting assay for Mst1 expression in GES-1 and AGS cells. (**D**, **E**) To overexpress Mst1 in AGS cells, adenovirus Mst1 (Ad-Mst1) was transfected into AGS cells. The transfection was verified via Western blotting. (**F**) MTT assay was used to evaluate cell viability. Ad-Mst1 was transfected into AGS cells. The null adenovirus was transfected as the control group (Ad-ctrl). (**G**) LDH release assay for cell death in AGS cells in response to Ad-Mst1 transfection. (**H**, **I**) Caspase-3 activity was measured to reflect the activation of caspase proteins. (**J**, **K**) EdU assay for cell proliferation. The percentage of EdU-positive cells was recorded. Ad-Mst1 and/or Ad-ctrl were transfected into AGS cells. ^\*^*P*\<0.05 vs control group.\
**Abbreviation:** Mst1, mammalian sterile 20-like kinase 1.](ott-11-8465Fig1){#f1-ott-11-8465}

![Overexpression of Mst1 promotes mitochondrial damage.\
**Notes:** (**A**) Cellular ATP content was evaluated to monitor the function of mitochondrial metabolism. Mst1 adenovirus (Ad-Mst1) was transfected into AGS cells. The null adenovirus was transfected into the control group (Ad-ctrl). (**B**--**E**) The expression of the mitochondrial respiratory complex was quantified via Western blotting. Mst1 overexpression repressed the levels of the mitochondrial respiratory complex. (**F**, **G**) JC-1 staining for mitochondrial potential. Normal mitochondrial potential stained with the JC-1 probe exhibits red fluorescence, whereas reduced mitochondrial potential tagged with the JC-1 probe indicates green fluorescence. The red-to-green fluorescence ratio was calculated to reflect the alteration of mitochondrial potential. (**H**, **I**) Cellular ROS production was determined using the ROS probe. Quantification of cellular ROS was conducted via flow cytometry. (**J**--**L**) ELISA for SOD, GSH and GPX detection. The concentration of cellular antioxidants was measured via ELISA. ^\*^*P*\<0.05 vs control group.\
**Abbreviation:** Mst1, mammalian sterile 20-like kinase 1.](ott-11-8465Fig2){#f2-ott-11-8465}

![Caspase-9-dependent apoptotic pathway is activated by Mst1 overexpression.\
**Notes:** (**A**--**F**) The alterations of apoptosis-related proteins were measured via Western blotting. Caspase-3, Bad and caspase-9 were proapoptotic proteins the expression of which was upregulated by Mst1 overexpression. In contrast, Bcl-2 and c-IAP were the antiapoptotic factors the levels of which were downregulated by Ad-Mst1 transfection. (**G**) Caspase-9 activity was evaluated in response to Mst1 overexpression. (**H**, **I**) Immunofluorescence assay for cyt-c. DAPI was used to label the nucleus, and the co-location of cyt-c, and DAPI indicated the translocation of mitochondrial cyt-c into the nucleus. (**J**) mPTP opening was determined in response to Ad-Mst1 transfection. ^\*^*P*\<0.05 vs control group.\
**Abbreviations:** mPTP, mitochondrial permeability transition pore; Mst1, mammalian sterile 20-like kinase 1.](ott-11-8465Fig3){#f3-ott-11-8465}

![Mst1 overexpression activates mitochondrial fission.\
**Notes:** (**A**) Mitochondrial immunofluorescence was performed using the mitochondrial-specific antibody Tom-20. Then, the amplification of mitochondria was recorded. (**B**) The average mitochondrial length was measured, which quantifies mitochondrial fission. (**C**--**I**) Mitochondrial fission-related factors were determined via Western blotting. Drp1, Mff and Fis1 were the mitochondrial fission activators, and their expression was increased by Mst1 overexpression. Mfn2, Parkin and Opa1 were the mitochondrial fission inhibitors, and their levels were repressed by Mst1 overexpression. ^\*^*P*\<0.05 vs control group.\
**Abbreviation:** Mst1, mammalian sterile 20-like kinase 1.](ott-11-8465Fig4){#f4-ott-11-8465}

![Mst1-activated mitochondrial fission accounts for mitochondrial apoptosis.\
**Notes:** (**A**, **B**) TUNEL staining for apoptotic cells. The ratio of TUNEL-positive cells was recorded. Meanwhile, FCCP and Mdivi-1, the agonist and antagonist for mitochondrial fission, respectively, were used to conduct the gain- and loss-of-function assays for mitochondrial fission. In Mst1-overexpressed cells, Mdivi-1 was added to inhibit mitochondrial fission. In cells transfected with Ad-ctrl, FCCP was added to activate mitochondrial fission. (**C**) Caspase-9 activity was measured in response to Mst1 overexpression and/or mitochondrial fission inhibition. (**D**, **E**) Cellular ROS production was measured via flow cytometry with mitochondrial fission inhibition and/or Mst1 overexpression. (**F**, **G**) The mitochondrial cyt-c translocation assay was estimated via immunofluorescence. Nucleus was labeled by DAPI. ^\*^*P*\<0.05 vs control group.\
**Abbreviation:** Mst1, mammalian sterile 20-like kinase 1.](ott-11-8465Fig5){#f5-ott-11-8465}

###### 

Mst1 modulates mitochondrial fission via AMPK-Sirt3 pathways.

**Notes:** (**A**--**C**) The activation of the AMPK-Sirt3 pathway was evaluated via Western blotting. AMPK phosphorylation and Sirt3 expression were recorded in response to Mst1 overexpression. (**D**--**F**) Immunofluorescence of p-AMPK and Sirt3 in response to Mst1 overexpression. Meanwhile, the agonist and antagonist of the AMPK-Sirt3 pathway were added using AICAR (AI) and Compound C (CC), respectively. In Mst1-overexpressed cells, AI was added to re-activate AMPK phosphorylation and Sirt3 expression. In cells transfected with Ad-ctrl, CC was administered to inhibit the AMPK-Sirt3 pathways, which was used to mimic the effects of Mst1 overexpression. (**G**, **H**) Mitochondrial fission was re-evaluated using immunofluorescence. The average length of mitochondria was recorded to quantify mitochondrial fission. In Mst1-overexpressed cells, AI was added to re-activate AMPK phosphorylation and Sirt3 expression. In cells transfected with Ad-ctrl, CC was administered to inhibit the AMPK-Sirt3 pathways, which was used to mimic the effects of Mst1 overexpression. ^\*^*P*\<0.05 vs control group.

**Abbreviation:** Mst1, mammalian sterile 20-like kinase 1.
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